The hamster ornithine decarboxylase antizyme (ODCAz) cDNA was transfected into the hamster malignant oral keratinocyte cell line, HCPC-1. Ectopic expression of ODC-Az resulted in the reversion of malignant phenotypes and alteration of DNA methylation status of CCGG sites. The phenotypes examined include ODC enzymatic activity, doubling time, morphological change, anchorage dependent growth, tumorigenicity in nude mice, induction of epithelial dierentiation marker protein (involucrin), and change of cell cycle position. Comparison of CCGG DNA methylation status of the ODC-Az and control vector transfectants revealed a signi®cant increase in demethylation of 5-methyl cytosines (m 5 C) of CCGG sites in the ODC-Az transfectants. Ectopic expression of ODC-Az gene in hamster malignant oral keratinocytes led to reduce ODC activity and the subsequent demethylation of 5-methyl cytosines, presumably via the ODC/ polyamines/ decarboxylated S-adenosylmethionine (dc-AdoMet) pathways. Our data suggest that ODC-Az shared the same pathway of polyamines/ dc-AdoMet/DNA methyltransferase (DNA MTase). We propose that ODC-Az mediates a novel mechanism in tumor suppression by DNA demethylation and presumably re-activation of key cellular genes silenced by DNA hypermethylation during cancer development. Oncogene (2001) 20, 24 ± 33.
Introduction
ODC, a key enzyme for polyamine biosynthesis, has been implicated in cell proliferation and dierentiation (Auvinen et al., 1992; Hayashi and Canellakis, 1989; Pegg, 1986; Tabor and Tabor, 1984) . Over-activity of the ornithine decarboxylase (ODC) pathway is widely believed to contribute tumorigenesis. Ectopic overexpression of ODC in vivo (transgenic mice) and in vitro results in tumor formation and transformation (Cliord et al., 1995; Megosh et al., 1995) . Elevated levels of ODC activity have been reported in several cancers including breast (Romano et al., 1986) , stomach (Lundell and Rosengren, 1986) , colon (Radford et al., 1990) and liver (Tamori et al., 1994) .
Native and synthetic inhibitors of the ODC pathway are believed to have potent anti-tumor eects. Ornithine decarboxylase antizyme (ODC-Az) is a polyamine inducible inhibitory protein of ODC activity (Linden et al., 1985) . ODC-Az downregulates ODC activity by ODC degradation (Li and Cono, 1994) . ODC enzyme activity is negatively regulated by the ODC/polyamines/ODC-Az negative feedback circuits (Hayashi et al., 1996) . ODC-Az regulates ODC protein and enzymatic activities (Hayashi and Canellakis, 1989) . ODC-Az has been proposed to be a possible tumor suppressor (Hayashi et al., 1996) . The Drosophila guf gene, the homolog of ODC-Az, is important in terminal dierentiation (Salzberg et al., 1996) . Ectopic expression of ODC-Az in vivo and in vitro suppresses ODC activity and polyamine levels, as well as inhibits tumorigenicity (Iwata et al., 1999) . adi¯uoromethylornitine (DMFO), retinoic acid and prostaglandin synthesis inhibitors reduce skin tumor development in carcinogen-treated mice (Hickok and Uitto, 1992; Mao et al., 1993; Takigawa et al., 1983; Verma et al., 1980; Weeks et al., 1982) . Suppression of ODC activity in DMFO-treated mouse F9 teratocarcinoma cells and human Caco-2 colonic cancer cells induces polyamine depletion, terminal dierentiation and genome-wide DNA hypomethylation (Duranton et al., 1998; Frostesjo et al., 1997) .
ODC overactivity and ODC-Az inhibition have been demonstrated in the hamster oral cancer model but the eect on oral keratinocyte DNA methylation and dierentiation have not been studied. Overactivity of the ODC pathway is a consistent indicator of genetic change leading to oral cancer development (GimenezConti and Slaga, 1992, 1993; Shin et al., 1990) . Elevated ODC levels in dysplastic oral epithelium leads to elevated polyamine levels and has been proposed as a negative prognostic indicator (Shin et al., 1990; Williams et al., 1995) . In a previous report, we have demonstrated the downregulation of ODC-Az is concurrent with ODC overactivity in malignant hamster oral keratinocytes (Tsuji et al., 1998) . We now present data that ectopic expression of ODC-Az in malignant hamster oral keratinocytes induces terminal dierentiation and DNA hypomethylation. HCPC-1 cells, a hamster malignant oral keratinocyte cell line, stably transfected with ODC-Az results in morphology consistent with normal oral epithelium, anchoragedependent growth, expression of involucrin, and reduction of tumorigenicity in nude mice. In addition, ectopic expression of ODC-Az results in demethylation of genomic CCGG sites.
Results

Phenotypes of transfectants
Ectopic expression of ODC-Az in malignant oral keratinocytes In order to gain insight into the role of ODC-Az in the malignant transformation process, we examined the eect of ectopic expression of ODCAz in the hamster oral cancer cell line, HCPC-1 (Odukoya et al., 1983) . Expression of transfected ODC-Az mRNA was detected by RT ± PCR ( Figure  1 ). The 439 bp PCR amplicons were detectable in ODC-Az transfectants but absent in the pcDNA3 control vector transfectants as well as HCPC-1 parental cells. ODC-Az protein expression was veri®ed by Western blotting using a rabbit anti-rat ODC-Az polyclonal antibody. The 24.6 kDa ODC-Az protein was detectable in all three ODC-Az transfectants examined. Clone #2 showed highest ODC-Az protein level. Clones #1 and #3 showed 22 and 44% of clone #2 ODC-Az protein respectively. None of pcDNA3 control vector transfectants showed detectable ODCAz protein (Figure 2 ).
ODC-activity ODC-Az protein is required for intracellular ODC degradation and reduction of ODC enzyme activity. To examine if the transfected ODCAz is functional in the transfectants, we assayed for the changes in ODC enzymatic activities in the transfectants (Table 1) . Three ODC-Az transfectant clones examined exhibited varying levels of ODC-Az activity, all clones showed signi®cantly lower levels of ODC activity than the pcDNA3 control transfectants (P50.05). The ODC-Az associated reduction of intracellular ODC activity suggests that the transgene is expressed and functional. Based on the results of Western blotting and ODC enzyme activity assay, ODC-Az transfectant clone #2 and pcDNA3 control vector transfectant clone #1 were chosen for further characterization.
Doubling time and cell cycle positions Growth curve experiments were performed on ODC-Az and control transfectants. The doubling time of ODC-Az transfectant clone #2 is 19.0+4.4 h and pcDNA3 control transfectant clone #1 is 14.1+1.0 h. The doubling time of the parental HCPC-1 cells is 15.1+1.4 h. Using Student's t-test, the doubling time of ODC-Az transfectant is signi®cantly longer than control vector transfectant and the parental HCPC-1 cells. These results are summarized in Table 2 . To evaluate if ectopic ODC-Az expression alters the cell cycle positions of the transfectants, we examined the cell cycle pro®les of ODC-Az and pcDNA3 transfectant clones (Table 3 ). Figure 3 is the actual¯ow cytometry pro®les of the ODC-Az transfectant, clone #2 ( Figure  3a ) and pcDNA3 vector control transfectant, clone #1 (Figure 3b ). It should be noted that there is a substantial increase in G1 phase cells in the ODC-Az transfectant clone #2, with a corresponding decrease in S phase cells.
ODC-Az tumor suppression activity in soft agar and nude mice ODC-Az and pcDNA3 control vector transfectants were grown in DMEM/1% agar for 7 days and colonies were counted. The ODC-Az transfectant and pcDNA3 control vector transfectant formed 2.3+0.5 and 28.3+3.9 colonies in each ®eld, respectively. Compared with pcDNA3 control vector transfectant and parental HCPC-1 cells, ODC-Az . The tumor burden was measured as described by Tomayko and Reynolds (1989) . The Student's t-test revealed a signi®cant dierence (P50.05) between these two groups (Tables 4 and 5 ).
Induction of terminal dierentiation marker protein ODC-Az transfected showed morphological alterations suggesting terminal dierentiation. of Figure 4c shows cells transfected with the pcDNA3 control vector demonstrating the typical anaplastic appearance similar to the parental HCPC-1 (Figure 4a ). Figure 4d shows the typical appearance of the ODC-Az transfectants exhibiting evidence of epithelial island formation, palisading peripheral cells reminiscent of basal cells. Cells within these epithelial islands take on a larger nuclear and cytoplasmic morphology reminiscent of the spinous cells in the intermediate layer of the mucosa, similar to the hamster normal oral keratinocyte cell line, Type II/PO ( Figure 4b ). Occasionally, these epithelial islands fuse and coalesce. These results suggest that ectopic expression of ODC-Az might result in inducing terminal dierentiation program in these transfectants. These ODC-Az transfectants also express the epithelial dierentiation marker protein, involucrin ( Figure 5 ). Using polyclonal anti-mouse involucrin antibody, involucrin can be detected as a 120 kDa band in lysate from normal hamster cheek pouch tissue sample ( Intracellular level of decarboxylated S-adenosylmethionine (dcAdoMet) We assumed that suppression of ODC activity by ectopic expression of ODC-Az lead to polyamine depletion, which resulted in accumulation of dcAdoMet, aminopropyl donor for polyamine biosynthesis. dcAdoMet also acts as competitive inhibitor of DNA methyltransferase. Accumulation of intracellular dcAdoMet inhibits DNA methyltranferase-catalyzed reaction. We therefore quanti®ed in ODC-Az and control tranfectants for intracellular dcAdoMet level by HPLC technique. In the ODC-Az transfectant, clone #2, exhibited a signi®cantly higher level of dcAdoMet contents comparing to those of HCPC-1 cells and pcDNA3 control vector transfectants (Table  6) . After 48 h in culture, polyamine depletion due to reduction of ODC enzyme activity caused a dramatic increase of intracellular dcAdoMet level (28 ± 95-fold). This is possibly due to the reduction of the dcAdoMetderived aminopropyl acceptors. These data support intracellular accumulation of dcAdoMet, which is a competitive inhibitor of DNA methyltransferase may suppressed DNA methyltransferase activity and lead to DNA demethylation. These data is summarized in Table 6 .
DNA methylation status of CCGG sites
Quantitative levels of 5'-methyl-CMP (5'dmCMP) and 5'dCMP in the CCGG sites of genomic DNA of HCPC-1 malignant oral keratinocyte, Type II/PO normal hamster oral keratinocyte, ODC-Az transfectants, pcDNA3 control vector transfectants, and 5-Aza-CdR treated HCPC-1 cells were compared by autoradiograph ( Figure 6 ). Radioactivities were were quanti®ed using scintillation counting. The results of the quantitation are shown in Figure 6 . While pcDNA transfectant clone and the parental HCPC-1 cells revealed 48.1+8.5 and 39.6+2.0% of the internal cytosines are methylated respectively, ODC-Az transfectants and the Type II/PO normal keratinocytes revealed 15.3+7.8 and 4.9+0.2% of CCGG sequences were methylated ( Figure 6 ). The levels of methylated cytosines are signi®cantly dierent in ODC-Az transfectant when compared to the pcDNA3 vector control transfectant as well as parental HCPC-1 cells (P50.05). These results suggest that ectopic expression Ectopic expression of ODC-Az induces dierentiation marker protein involucrin in hamster oral keratinocytes. Western blot was used to immunodetect involucrin, a 120 kDa protein whose expression is associated with epithelial cell dierentiation. 25 mg of lysate from 10 mM 5-Aza-CdR treated HCPC-1 cells, 0.006% DMSO treated HCPC-1 cells, ODC-Az (Clone #2) and pcDNA vector control (Clone #1) transfectants and normal hamster cheek pouch was used. Actin (42 kDa) was blotted on the same membrane to correct the dierence of loading samples 
Gene expression profile by ODC-Az
The induction of involucrin, is an epithelial dierentiation marker protein, was shown by Western blotting in the ODC-Az transfectants as well as 5-Aza-CdR treated HCPC-1 cells ( Figure 5 ). We further screened the genes induced or suppressed by ODC-Az using rat cDNA array. The experiments using RNA harvested from the ODC-Az transfecants as well as control vector transfected HCPC-1 cells revealed that a number of cellular genes of importance in carcinogenesis were induced or suppressed by ODC-Az expression ( Figure 7 ). Among the induced or up-regulated genes are maspin, tissue inhibitor of metalloproteinase-3 (TIMP-3) genes, heat shock 27 kDa protein (Hsp27), beta-4 integrin, janus kinase 1 (Jak1), galanin receptor, glucose transporter 1, calcium-independent alphalatrotoxin receptor, insulin-like growth factor binding protein 1 (IGFBP-1) precursor. The genes suppressed or down regulated were DNA binding protein inhibitor (Id-1), plasminogen activator inhibitor-1 (PAI-1), monocarboxylate transporter (MCT1), phospholipase C delta 1 (PLC delta-1). These ®ndings are summarized in Table 7 .
Discussion
Disruption of normal patterns of DNA methylation has been linked to development of neoplasia. Neoplasia is characterized by an increase in DNA-MTase activity and general DNA hypomethylation with regional DNA hypermethylation el-Deiry et al., 1991; Issa et al., 1993; Yebra and Bhagwat, 1995) . Despite the overall tendency toward global DNA hypomethylation in cancer, it remains as a paradoxical mystery of coexisting DNA-MTase increases and genomic hypomethylation. Several studies show increased overall DNA methylation in cancer cells (Belinsky et al., 1996; Frostesjo et al., 1997) . Global DNA hypomethylation resulting from reduction of DNA-MTase activity suppressed intestinal neoplasia in mice (Laird et al., 1995) .
In the present study, we examined the methylation status of CCGG sites. Methylation of cytosine occurs predominantly at CpG palindrome in vertebrate DNA (Hawtrey and Ariatti, 1984) . Ectopic expression of the hamster ODC-Az gene in the HCPC-1 hamster malignant oral keratinocytes cell line induced epithelial dierentiation and DNA demethylation of CCGG sites. The Drosophila gutfeeling (guf) gene encoding a 21 kD protein, showed a signi®cant sequence similarity to the mammalian ODC-Az, is the homologue to ODC-Az. Mutations in the guf gene cause defects in peripheral and central nervous system and muscle ®ber developments. The guf gene plays a role in terminal dierentiation of the cells following their speci®cation as neurons and myoblasts or support cells, but is not required for the speci®cation of cell identities. Thus, the guf gene plays a role in the late developmental CMP and CMP were produced by cleavage of respective genomic DNA with the restriction enzymes MspI and its methylation sensitive isoschizomer HpaII Figure 7 Gene expression pro®le was screened using an Atlas Rat cDNA Expression Array (Clontech). The blackets indicate up-regulation of maspin (1-j) and heat shock 27 kDa protein (HSP27) (7-e) genes, and down-regulation of DNA binding protein inhibitor (ID-1) (6-d) and jun-D (2-j) genes in ODC-Az transfectants shown as examples. Signals of two identical membranes were normalized using the ubiquitin housekeeping gene included in cDNA array membrane (P-control) stage in the cells that have identi®ed their direction of dierentiation (Salzberg et al., 1996) . Signi®cant morphological changes in ODC-Az transfectants together with the guf gene's studies in Drosophila prompted us to test if expression of the ODC-Az could induce epithelial dierentiation in malignant oral keratinocytes. The expression of involucrin in the ODC-Az transfectants suggests keratinocytes undergo dierentiation. Involucrin is a major component of the corni®ed envelope and a marker protein for dierentiation in keratinocytes.
Expression of p21 WAF1 is involved in dierentiation (Harper, 1997) , and keratinocytes derived from p21 WAF1 knockout mice decreased expression of dierentiation marker proteins (Missero et al., 1996) . The recent work of Chuang et al. (1997) suggests that the p21 WAF1 protein negatively regulate targeting of DNA-MTase to the replication associated protein proliferating cell nuclear antigen (PCNA). They proposed that the presence of p21 WAF1 protein prevents DNA-MTase access to replicating DNA, thereby impeding hypermethylation in normal cells. However, loss or decreased expression of p21 WAF1 in tumor cells may facilitate aberrant methylation. These data suggest that DNA hypomethylation, especially of CpG islands, eects the induction of dierentiation. During the dierentiation of the human keratinocytes, the 5-methylcytosine (m 5 C) content of the genome DNA from dierentiated keratinocytes decreases to half the amount of that from undierentiated keratinocytes (Veres et al., 1989) . Abnormal patterns of DNA methylation and increased CpG island methylation (Makos et al., 1992) have been consistently found in human tumors. This suggests the involvement of hypermethylation of CpG islands of the promoter regions in tumor progression. This may occur through inactivation of tumor suppressor genes (Sapienza, 1991) or by permanently silencing the expression of growth and dierentiation genes (Rideout et al., 1994) . a-DFMO is an irreversible inhibitor of ODC and has considerable potential as an anti-neoplastic agent (Marton and Pegg, 1995; Pegg et al., 1987) . Treatment of F-9 mouse teratocarcinoma cells with a-DFMO blocks ODC activity and induced terminal dierentiation through DNA demethylation mechanism (Frostesjo et al., 1997). ODC-Az is an intracellular inhibitory protein for ODC activity and negatively regulates ODC enzyme activity at protein level as well as a-DFMO (Hayashi and Canellakis, 1989; Hayashi et al., 1996) . A recent report by Iwata et al. (1999) showed that induction of ODC-Az in p21H-ras (Val 12)-transformed NIH3T3 cells induced cell death in vitro and blocked tumor formation in nude mice. In our present experiment, ectopic expression of ODC-Az in HCPC-1 cells suppressed only 50% of tumor mass formation in nude mice. There may be two possibilities to explain the observed dierences. First ODC activity Our data suggests that CCGG sites of genomic DNA were demethylated to at most 40% level of control during ODC-Az induced epithelial dierentiation. AdoMet serves as methyl donor for DNA methylation (Heby et al., 1988) and dcAdoMet serves as aminopropyl donor for spermidine and spermine syntheses (Heby et al., 1988) , dcAdoMet also acts as a competitive inhibitor in DNA methyltransferase-catalyzed reaction (Heby et al., 1988) . As a result, certain key cellular genes involved in dierentiation of cancer cells were re-activated by demethylation of CpG islands of the promoter regions. We presume that ODC-Az shares the same polyamine synthesis and DNA methylation maintenance pathways as a-DFMO does.
Using a screening-base approach, we pro®led genes induced/up regulated or suppressed/down regulated by ODC-Az in HCPC-1 cells. Among these induced/up regulated genes, Ets and/or AP-1 binding sites in promoter regions are consensus regulatory cis-elements of Involucrin (Mozon et al., 1996; Sark et al., 1998) , Maspin (Zhang, 1997) , TIMP-3 (Sun et al., 1995; Kim et al., 1997a,b) as well as beta-4 integrin (Suzuki Takaoka et al., 1998) . DNA methylation status of Ets (Janssen et al., 1999) and AP-1 (Tulchinsky et al., 1996) binding sites is a partial mechanism of gene regulation. Silencing of the human Maspin gene (Domann et al., 2000) , TIMP-3 gene (Bachman et al., 1999) , and the mouse TIMP-3 gene (Pennie et al., 1999) in cancers by aberrant DNA methylation have been reported. We assume that ODC-Az expression may induce or up regulate expression of these genes by DNA demethylation, presumably demethylation of these Ets and AP-1 binding cis-elements. Altered expression of other genes including suppressed or down regulated genes may be due to the intracellular polyamine depletion. Cationic polyamines can associate with negatively charged DNA (Feuerstein et al., 1991) . Spermidine and spermine can cause DNA to condense and aggregate condition (Gosule and Schellman, 1978) . Thus, polyamine depletion causes DNA conformational changes, which may result in altered gene expression. The interesting outcome from our array screening is that the majority of the genes aected by ODC-Az expression are, in some aspects, involved in tumor cell invasion and/or metastasis.
Aberrant DNA methylation as well as tumor invasion and metastasis are an early event of tumorigenesis. This result may account in part for the correlation between ODC-Az expression and tumor malignancy since benign tumors show neither invasive nor metastatic phenotypes.
Inhibition of the polyamine biosynthetic pathway may be a therapeutic target (Marton and Pegg, 1995) . Understanding the regulation of gene methylation may provide the basis for the development of potential new therapeutic interventions based on the induction of suppressed dierentiation pathways in tumor cells.
Materials and methods
Phenotypes of transfectants
Construction of ODC-Az expression module To encode a full-length amino acid of the hamster ODC-Az (Matsufuji et al., 1995) , the +1 frame-shifted ODC-Az cDNA was created by eliminating T at position 278 (ODC-Az dT) using a QuickChange TM Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) followed by the company's protocol with two complementary mutagenic primers; 5'-CGGTG-GTGCTCCGATGTCCCTCAC-3' and 5'-GTGAGGGA-CATCGGAGCACCACCG-3'. The desired +1 frame-shifting was con®rmed by DNA sequencing reaction. The ODCAz dT cDNA was released from pAMP-1 cloning vector (Life Technologies, Inc., Gaithersburg, MD, USA) with HindIII and EcoRI, then recloned into HindIII and EcoRI cloning sites of mammalian expression vector pcDNA3 (Invitrogen, Carlsbad, CA, USA) (pODC-Az dT). pODC-Az dT and control pcDNA3 vector were transfected into hamster malignant oral keratinocyte cell line, HCPC-1 (Odukoya et al., 1983) , using CaPO 4 method utilizing a Calcium Phosphate Transfection Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacture's protocol. Stable ODC-Az transfectants and pcDNA3 vector control transfectants were selected in the presence of 400 mg/ml G418 for 2 weeks (Dulbecco's modi®ed Eagle medium (DMEM) supplemented with 10% FBS) then 12 ODC-Az transfectant clones and 10 control transfectant clones were isolated. Subsequent to the selection, all the transfectants were maintained in the presence of 200 mg/ml of G418.
We employed 5-Aza-2'-deoxycytidine (5-Aza-CdR) treatment on HCPC-1 cells as a positive control for dierentiation induced by DNA demethylation. To determine the appropriate concentration of 5-Aza-CdR on HCPC-1 cells, a titration experiment was carried out using the ®nal concentration of 1 ± 100 mM 5-Aza-CdR in 0.006% DMSO. Eectiveness and cellular toxicity of 5-Aza-CdR on HCPC-1 cells were determined by monitoring morphological changes as well as¯oating cells in culture. Cells with large,¯at cytoplasm appeared in the presence of 5 mM 5-Aza-CdR after 4 ± 5 day culture, and the number of¯oating cells apparently increased when the cells culture in higher than 20 mM 5-AzaCdR. Thus we decided to culture the HCPC-1 cells in 10 mM 5-Aza-CdR to verify the induction of dierentiation marker protein as well as DNA demethylation. The HCPC-1 cells were treated for 5 ± 7 days with 10 mM 5-Aza-CdR. The culture media was replaced every 24 h, and 10 mM 5-AzaCdR was freshly added. 0.006% DMSO vehicle alone was also added for a control experiment.
Detection of ODC-Az mRNA transcription and protein translation Transcription of the transfected ODC-Az gene was con®rmed by RT ± PCR. To identify the mRNA originating from the transfected module, T7 primer (which exists in the vector sequence down stream of the CMV promoter) was employed as a forward primer. The ODC-Az speci®c reverse primer was designed within the ODC-Az sequence. PCR was carried out as follows; 948C for 5 min for 1 cycle, then 948C for 1 min, 558C for 1 min, 728C for 1 min for 30 cycles, and ®nally 5 min at 728C. The PCR amplicons were analysed on 2% agarose gel.
For detection of ODC-Az protein by Western blotting, the total cell lysates were prepared from *70% log-phase cultures of ODC-Az transfectants and pcDNA3 control vector transfectants. Cells were lysed with RIPA buer with 100 mg/ml PMSF and 1 mg/ml aprotinin for 30 min on ice, then sonicated for 1 min in ice. These cell lysates were centrifuged at 20 000 g for 30 min. One hundred mg of each sample was loaded into 15% polyacrylamide gels as described by Laemmli (1970) . The resolved proteins were transferred onto a PVDF membrane using CAPS buer. The PVDF membrane was then incubated with a rabbit polyclonal antirabbit ODC-Az antibody (1 : 2000) (Mitchell et al., 1996) . Signals were detected by ECL TM Western blotting analysis system (Amersham Life Science Inc., Arlington, IL, USA) according to the manufacture's protocol.
ODC activity assay ODC activity assay was performed as described by Wetters with minor modi®cation (Tsuji et al., 1998; Wetters et al., 1989) . Brie¯y, the ODC activity was quantitated the release of [ 14 C]CO 2 during ODC-catalyzed conversion of ornithine to putrescine and CO 2 . Typical reaction mixture contained 50 ml of cell lysate prepared from ODC-Az transfectants and pcDNA3 vector control transfectant, together with 75 ml of 100 mM glycyl-glycine (pH 7.2), 0.2 mM pyridoxal phosphate, 4 mM dithiothreitol, 0.4 mM lornithine and 0.25 mCi (56 mCi/mmol) [ 14 C] l-ornithine. Reactions were performed by incubation at 378C for 2 h and terminated by heating at 858C for 5 min. [ 14 C]CO 2 was trapped with a Whatman 3-mm paper ®lter spotted with 10 ml of 10% w/v KOH and quanti®ed using a scintillation counter. Triplicate determinations were performed. Controls were blanks containing lysis buer in place of the supernatant. Corrected ODC values was obtained by subtracting values for blanks and stated as picomoles CO 2 per hour per milligram protein. To con®rm the detected activity was indeed due to ODC, an ODC-speci®c irreversible inhibitor, adi¯uoromethyl ornithine (a-DFMO, 5 mM), was used (Gaines et al., 1988) . One-factor ANOVA was used for statistical analysis.
Doubling time and cell cycle position assays For doubling time determination of the transfectants, the three ODC-Az transfectants and two pcDNA3 control transfectants as well as HCPC-1 were seeded at 2.5610 4 cells into 35 mm cell culture dishes. Triplicate dishes were used for each of the following time points; 48, 72, 96 and 120 h. Cells were trypsinized and counted at each time point. Results were plotted on a log scale against a linear time scale according to the method of Freshney (1994) ODC-Az and pcDNA3 control vector transfectants were trypsinized and collected from 70% log-phase culture, ®xed in ice-cold ethanol, stained DNA with propidium iodide. Flow cytometry analysis was performed on a Coulter 4 Color XL Analyzer-MCL (Phoenix Flow System, San Diego CA, USA).
Tumor suppression activity of ODC-Az in soft agar and nude mice The transfectants were grown in suspension according to the method of Freshney (1994) . Cells were seeded at 4610 3 cells in 35 mm dishes in DMEM/1% agar. Cultures were incubated for 7 days at 378C in a 100% moistured CO 2 incubator. At the end of 7 days, each dish was stained overnight with a crystal violet solution at 48C. Ten ®elds were randomly chosen and the stained colonies were counted under a dissecting microscope at625 magni®cation. The two-tailed Student's t test was used to test the dierences between the groups.
The nude mice assay was used to test the potential tumor suppressor eect of ODC-Az. 1610 6 cells of ODC-Az transfectant (clone #2) or control pcDNA3 vector transfectant (clone #1) were subcutaneously inoculated into 18 nude mice for each of the two groups. Three animals were examined at 7, 10, 14, 17, 21 and 24 days. The tumor burden was measured as described by (Tomayko and Reynolds, 1998) . The Student's t-test was employed for statistic analysis.
Western blotting of involucrin The procedure was similar to that of ODC-Az detection with minor modi®cations described in the previous section. The total cell lysate was prepared from ODC-Az transfectants, pcDNA3 control vector transfectants and 5-Aza-CdR treated HCPC-1 cells after 5 ± 7 days culture. Cells were lysed with 1 ml of RIPA buer with 100 mg/ml PMSF and 1 mg/ml aprotinin for 30 min on ice then sonicated for 1 min in ice. These cell lysate was centrifuged at 3200 g for 10 min, followed by another centrifugation of the supernatant at 200 000 g for 30 min. Twenty-®ve mg of each sample was loaded into 10% polyacrylamide gels as described by Laemmli. The resolved proteins were transferred onto a PVDF membrane. The PVDF membrane was then incubated with a rabbit polyclonal anti-rodent involucrin antibody (1 : 1000) raised against 18 amino acid synthetic peptide (ELHLGKQQE-SHEPDMAED) predicted from the mouse involucrin gene sequence (BABCO, Richmond, CA, USA). Signals were detected by ECL TM Western blotting analysis system (Amersham Life Science Inc) according to the manufacture's protocol.
Quantification of decarboxylated S-adenosylmethionine (dcAdoMet)
Quanti®cation of intracellular decarboxylated S-adenosylmethionine was performed as described by Seiler and Knodgen (1985) with minor modi®cation 1610 5 cells was inoculated into 100 mm culture dishes. After 48 h culture, cells were detached by trypsinization, counted the cell numbers, and homogenized in 0.2 M perchloric acid. The supernatants were subject to reversed-phase HPLC analysis on a Supelcosil LC-18-DB column (4.66250 mm, 5 mm pore size) equilibrated with 0.2% triethylamine-phosphoric acid, pH 4.0. Elution was achieved with a 20 min linear gradient from 0 ± 10% acetonitrile. The aliquots were subjected to chromatographic separation. The standard for decarboxylated S-adenosylmethionine was a kind gift from Dr. Keijiro Samejima, Josai University in Japan.
DNA methylation status of CCGG sites Quanti®cation of the m 5 C content of CCGG sites of genomic DNA To determine the methylation status of MspI and HpaII (methylation-sensitive isoschizomer of MspI) restriction endonuclease recognition sites (CCGG), a method of Boestor et al (1984) and Li et al. (1992) was used. Samples (5 mg) of Genome DNA were digested to completion under the conditions recommended by the suppliers (New England Biolabs), recovered by phenol extraction and ethanol precipitation, and labeled at 5' termini with [g-32 P]ATP and polynucleotide kinase. Unincorporated isotope was removed by exclusion chromatography on columns of Sephadex G-50 run in 0.02 M Tris-hydrochloride (pH=7.4), 1 mM EDTA, 0.1 M NaCl. DNA in the void volume was precipitated with ethanol and dissolved in 20 ml of 0.05 M sodium acetate (pH=5.2). After addition of nuclease P 1 (Sigma) to 100 mg ml 71 and incubation at 378C for 2 h, the samples were lyophilized, and the residues were dissolved in 10 ml of water and spotted in duplicate on cellulose thin-layer chromatography plates (20 by 20 cm; Merck, Darmstadt, Germany). The labeled mononucleotides were separated by thin-layer chromatography. The plates were autoradiographed, and the autoradiogram was used to locate radioactive spots. The level of methylated cytosines in CCGG sites was quantitated by measuring the radioactivity within the two major spots, 5' [ cDNA array screening Gene expression pro®le A discovery-based approach was used to identify cellular genes reactivated by ODC-Az. cDNA array screening was performed using an Atlas Rat cDNA Expression Arrays (Clontech, Palo Alto, CA, USA). The total RNA was prepared from the ODC-Az transfectant (clone #2) and pcDNA3 control vector transfectants (clone #1) using the Atlas total RNA isolation kit (Clontech). The cDNA probe preparation, hybridization and the subsequent signal detection by autoradiography were carried out following the instructions of the manufacturer. The hybridization signals of each membrane were normalized using ubiquitin as well as a/b-actin housekeeping genes. Plasmid and bacteriophage DNAs were included as negative controls to con®rm hybridization speci®city.
